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Abstract. Halophytes, plants naturally adapted to conditions of high salinity in the soil, have been the subject of 
many different studies but, paradoxically, not so much to investigate the mechanisms of salt tolerance at the 
biochemical and molecular level. Halophytes can be considered important, but underutilised, genetic resources 
for the identification of salt tolerance determinants. We present here a brief summary of the initial results of our 
ongoing, multidisciplinary studies on the general responses to salt stress in halophytes of the genera Plantago 
and Juncus, focusing on the effect of NaCl on seed germination, vegetative growth, reproductive development, 
and on the accumulation of mono and divalent cations and putative osmolytes in the aerial part of the plants. 
 
INTRODUCTION 
 
All major crop species, as well as most wild plants, are glycophytes, i.e., very sensitive 
to high salinity in the soil. Sodium chloride, at a relatively low concentration like that found 
in the extracellular medium in animals (about 150 mM), is very toxic to many crops, for 
example to fruit tress, cereals and vegetables. However, there are plants naturally adapted to 
high soil salinity: the halophytes. Halophytic species represent only 2% of all angiosperms, 
but are widely distributed among mono and dicotyledonous plants, in about 500 genera 
belonging to one-third, approximately, of the angiosperm families. They occupy diverse 
habitats, such as very dry desert zones, salt marshes, swamps, dunes, cliffs close to the sea, 
etc., where they tolerate NaCl concentrations even higher than that of sea water (ca. 500 mM) 
and are able to complete their biological cycle under these conditions [8, 9].  
 Due to their obvious interest, halophytes have been the subject of many ecological, 
physiological, anatomical or, in some cases, biochemical studies. However, very little is still 
known about the molecular basis of their mechanisms of defence against salt stress since, 
paradoxically, most studies on plant halotolerance have been performed on non-tolerant 
species; Arabidopsis thaliana, in particular, has become the most used model to investigate 
molecular responses to stress [21, 25, 26], and to isolate putative stress tolerance genes, to be 
used as biotechnological tools for the improvement of tolerance in transgenic crops. Although 
halophytes would seem, a priori, the most appropriate models to identify salt tolerance 
determinants, several lines of evidence suggest that all plants use the same general salt 
tolerance effectors and regulatory mechanisms (control of ion transport and ion homeostasis, 
accumulation of toxic ions in the vacuole, synthesis of compatible osmolytes in the 
cytoplasm, etc.), and that the differences between halophytic and glycophytic species are of a 
quantitative rather than a qualitative nature [8-10, 26]. 
 Nevertheless, the very fact that halophytes are salt tolerant while glycophytes are not, 
clearly suggests that the mechanisms working in the former are much more efficient that those 
present in the latter, maybe because some key proteins involved in the response to salt stress 
(e.g., ion transporters, targets of salt toxicity) are expressed at higher levels, or are 
intrinsically more active than the corresponding “glycophytic versions” of the same proteins. 
Halophytes represent, in our opinion, an important genetic resource for the isolation of 
halotolerance genes and their regulatory elements, which is clearly underutilised at present.  
On the other hand, considering the complexity of the mechanisms of salt tolerance, 
important information could be gained performing comparative studies on the responses to 
salt stress in plants with different levels of tolerance, but with similar genetic backgrounds, 
for example related halophytes and glycophytes of the same genus. This approach, which to 
our knowledge has not yet been applied in a systematic way, may help to establish which of 
the observed responses are general and essential for salt tolerance, and which are not. 
 We have undertaken a long-term, multidisciplinary (ecological, physiological, 
biochemical and, eventually, molecular) study on the responses to salt stress of plants 
belonging to two genera, Plantago (as an example of dicotyledonous plants) and Juncus 
(monocotyledonous), which include species of very different levels of salt tolerance. Here we 
present a brief summary of our initial results, part of them already published [5, 24]. 
 
MATERIAL AND METHODS 
 
Plant material 
Plantago crassifolia, Juncus acutus and Juncus maritimus plants were obtained by 
germinating seeds collected in the Natural Park of Albufera (Valencia, E. Spain).  
 
Germination tests  
Seeds were placed onto filter paper and cotton in Petri dishes and incubated for one 
month in a germination chamber (12 h light at 25ºC and 12 h darkness at 15ºC). The filter 
paper was moistened with aqueous solutions of 0, 100, 200, 300, 400 or 500 mM NaCl, added 
periodically to maintain the filter wet during the course of the experiment. Seeds that did not 
germinate in these plates were washed and placed in new Petri dishes with distilled water, and 
incubated under the same conditions for additional 30 days, to determine recovery of 
germination as described in [19]. 
 
Effect of salinity on plant growth 
Two or three-month old plants were grown in pots, in a greenhouse with controlled 
minimal and maximal temperatures of 15ºC and 25ºC, respectively. Salt treatments were 
applied by watering periodically with solutions of 100, 200, 300, 400 or 500 mM NaCl (or 
with water, for the controls), ensuring that the pots were maintained wet throughout the 
experiment. After 90 days all plants were harvested to determine growth parameters and for 
chemical analyses, as described below. ARTICLE IN PRESS  
 
Determination of Na+, K+, Ca2+ and Mg2+ contents by HPLC 
Leaf material from control and NaCl treated plants (0.2 g fresh weight), was frozen in 
liquid nitrogen, ground in a mortar, and ions were extracted with 100 mM perchloric acid, at 
95ºC for 10 min. Cell debris were removed by centrifugation, and the supernatants were used 
for cation analysis by cation exchange chromatography in a HPLC system with a conductivity 
detector, . Elution was carried out in an isocratic flux, using 3 mM HNO3, containing 0.1 mM 
EDTA, as as recommended by the manufacturer of the HPLC system.  
 
 These and additional methods have been described in more detail in references [5, 24] 
 
RESULTS AND DISCUSSION 
 
Germination tests 
 Seeds of all three halophytic species investigated germinated best in the absence of salt. 
In Plantago crassifolia and Juncus acutus the seeds germinated almost quantitatively in water 
(> 95%); J. maritimus seeds showed lower viability, and only 48% of the seeds had 
germinated after one month. Although there were differences in sensitivity to salt, in all cases 
NaCl inhibited germination. P. crassifolia seeds were the most sensitive: germination was 
completely inhibited by 200 mM or higher NaCl concentrations, and only 13% of the seeds 
germinated in the presence of 100 mM NaCl, a concentration that reduced percentages of 
germination in J. acutus and J. maritimus by less than 20% (as compared with the 
corresponding controls in water). In both Juncus species, more than 300 mM NaCl was 
required to completely inhibit germination, while at 200 mM, about 50% of the seeds could 
still germinate. On the other hand, seed viability and germination capacity were not 
negatively affected by salt pre-treatments: seeds with did not germinate after one month in the 
presence of NaCl up to 500 mM, germinated later in water at least as efficiently as the non-
treated controls; actually, in the case of J. maritimus, the salt pretreatment clearly enhanced 
germination, in a concentration-dependent manner. The data obtained in the germination and 
recovery tests are shown in figure 1, for P. crassifolia, and in table 1 for the Juncus species. 
 
Fig. 1. Germination of P. crassifolia seeds. (a) Seeds were germinated in Petri dishes on filter paper wetted with 
water (♦), with 100 mM NaCl () or with 200, 300, 400 or 500 mM NaCl (all other curves); the values shown 
are the means of germination frequencies determined, at the indicated days, for four replicas of 25 seeds per 
treatment. (b) All seeds which did not germinate after 1 month in the presence of 100 (♦), 200 (), 300 (▲), 
400 () or 500 () mM NaCl, in the experiment shown in (a), were transferred to fresh Petri dishes and 
germinated in water, and recovery of germination capacity was determined as before. Adapted from ref. [24]. 
 
 These results are in agreement with the general behaviour of most halophytes. 
Although extreme halophytes are able to germinate at salt concentrations even higher to that 
of sea water, in most cases germination is inhibited at concentrations well below the level 
normally present in their natural habitats [3, 8, 11, 14, 15], but the seeds usually survive high 
salinity conditions in the soil for a long time, germinating after rainfalls which cause a 
decrease in the salt level of the soil surface layers. Seed dormancy is recognised as a 
significant factor in the ecophysiology of salt-marsh species, which may be subjected to 
fluctuations in salinity and soil humidity throughout the year [14]. 
Table 1. Germination capacity (% of germinated seeds) of Juncus acutus and J. maritimus under saline 
conditions (A), and in the recovery experiment (B). Values are the means of four replicas of 25 seeds per 
treatment. SE: standard error. [G Ballesteros and M Boscaiu, unpublished results] 
 
A B NaCl 
(mM) J. acutus SE J. maritimus SE J. acutus. SE J. maritimus SE 
0 
   95.0 1.9     48.0 4.3     –   –        –   – 
100 
   84.0 5.4     40.0 4.3    68.8 6.2     11.1 4.5 
200 
   40.0 2.3     24.0 8.4    91.1 1.8     12.0 0.1 
300 
   5.0 3.0       8.0 2.8  100.0 0.0     28.9 2.6 
400 
   0.0 0.0       0.0 0.0    95.7 1.8     31.5 2.1 
500 
   0.0 0.0       0.0 0.0    97.7 2.3     53.3 2.3 
 
Plant growth in the presence of salt 
Once the bottleneck of seed germination was overcome, adult plants showed a higher 
tolerance to salt in out experiments, as in their natural habitats. Two or three-month-old plants 
were treated with increasing NaCl concentrations for 90 days. Individuals from the three 
species tested survived these treatments, at least up to 500 mM NaCl, although J. maritimus, 
which generally appeared less vigorous, seemed to be more affected by high salt 
concentrations. In any case, the common effect of NaCl was a concentration-dependent 
inhibition of plant growth, as shown by the determination of several growth parameters, such 
as fresh and dry weight, and (for P. crassifolia) the average number of leaves or the length of 
the longest leaf ([24]; G Ballesteros and M Boscaiu, unpublished results). Slower growth is 
the most immediate and general response to stress of plants, allowing them to re-direct cell 
resources (e.g., energy and metabolic precursors) towards the defence reactions against stress 
[26]. Thus, and contrary to other halophytes that show growth stimulation by moderate NaCl 
concentrations (50-250 mM) [8, 16], our plants grew optimally under non-saline conditions, 
and we did not observe any increase in fresh or dry weight in the presence of NaCl. 
We have also investigated the effects of salt stress on reproductive development of P. 
crassifolia. Determination of several growth parameters, such as number and length of the 
spikes, pollen viability and percentages of germination (in vitro), seed number and viability, 
etc., led us to conclude that reproductive development and "reproductive success" were 
maximal in the absence of salt, and more sensitive to NaCl than vegetative growth, being 
completely inhibited by external concentrations higher than 300 mM [5].  
 
Accumulation of different cations in the leaves upon salt treatments 
 Ionic toxicity is one of the components of salt stress, and one of the basic mechanisms 
of plant defence relies on the compartmentalisation of toxic ions in the vacuoles, which 
allows osmotic adjustment and, at the same time, avoids the inhibition of metabolic processes 
in the cytoplasm [8, 23, 26]. In the leaves of P. crassifolia treated with increasing 
concentrations of NaCl we observed the parallel, concentration-dependent accumulation of 
sodium ions, which up to 300 mM NaCl was accompanied by a concomitant decrease in 
potassium and calcium levels, while magnesium levels did not change significantly; at the 
highest NaCl concentrations, a slight increase in K+, Ca2+ and Mg2+ contents could be 
detected (Fig.2). These responses to salt stress, regarding changes in the levels of mono and 
divalent cations, are similar to those described for P. maritima, but clearly different from the 
behaviour of non-halophytic species of the same genus, such as P. major, P. lanceolata or P. 
media [1, 7, 17]. More recently, we have carried out similar measurements in salt-treated J. 
acutus and J. maritimus plants. We detected Na+ accumulation in the aerial part of both 
species with increased concentration of external NaCl; the K+ levels were rather low, and no 
significant differences among treatments were observed. Regarding divalent cations, variation 
of Ca2+ and Mg2+ levels were not significant for J. maritimus but, interestingly, in J. acutus 
both increased their leaf levels about two-fold, comparing 500 mM NaCl-treated plants with 
the controls grown in the absence of salt. (MA Naranjo and O Vicente, unpublished results). 
 The accumulation of sodium in the shoot appears to be one of the general characteristics 
of halophytes, whereas glycophytes tend to exclude Na+ from shoot tissues [8-10]. The 
accumulation of calcium and magnesium observed in J. acutus may be physiologically 
meaningful, as a salt-inducible mechanism conferring some degree of tolerance to the plants, 
considering the well-known protective role of Ca2+ in salt stress conditions [4, 20] and the fact 
that inhibition by Na+ of different enzymatic activities is due to displacement of the Mg2+ 
cofactor from the enzyme's active centre (eg., [2]. J. maritimus, on the other hand, does not 
accumulate these cations in response to salt, but the levels of Ca2+ and Mg2+ in the leaves, in 
the absence of salt, are already three to four-fold higher than in J. acutus; following the 
previous reasoning, this could represent a constitutive mechanism of tolerance to salt stress. 
 
 
 
Fig. 2. Cation levels in leaves of salt-treated P. crassifolia plants. Sodium (a), potassium (b), calcium (c) and 
magnesium (d) levels were determined by cation exchange chromatography in a HPLC system coupled to a 
conductivity detector, in leaves of plants grown for 90 days in the presence of the indicated NaCl concentrations. 
Taken from ref. [24] 
 
Identification of possible osmolytes 
 Accumulation of toxic ions in the vacuole under salt stress requires the synthesis in the 
cytoplasm of alternative, non-toxic (‘‘compatible’’) osmotically active solutes to maintain the 
osmotic balance [8, 12, 22]. Sorbitol has been described as the major osmolyte in P. maritima, 
closely related to P. crassifolia [1, 13]. Athough sorbitol was indeed the only major 
carbohydrate detected by HPLC in our leaf samples, its levels were much lower than those 
previously measured in P. maritima, and did not increase significantly in response to salt 
stress, indicating that it is unlikely that sorbitol is used as a compatible osmolyte in P. 
crassifolia; on the other hand, we did detect a clear accumulation of proline (the most 
common osmolyte, used by many different plant and animal species [6, 12, 18]) upon 
treatment of the plants with higher salt concentrations, reaching a 20-fold increase over the 
control, at 500 mM NaCl. Therefore, Pro could play an important role in the protection of P. 
crassifolia against high salinity in the soil, as a compatible osmolyte and osmoprotectan [24]. 
This finding suggest than the presence of particular osmolytes in related species cannot be 
used as a taxonomic criterion. These analyses have not yet been undertaken in Juncus. 
 
BIBLIOGRAPHY 
 
1. Ahmad I, F Larher, GR Stewart, 1979, Sorbitol, a compatible osmotic solute in Plantago maritima. New 
Phytologist 82: 671-678 
2. Albert A, L Yenush, MR Gil-Mascarell, PL Rodríguez, S Patel, M Martínez-Ripoll, TL Blundell, R Serrano, 
2000, X-ray structure of yeast Hal2p, a major target of lithium and sodium toxicity, and identification of 
framework interactions determining cation sensitivity. Journal of Molecular Biology 295: 927-938 
3. Bakker JP, M Dijkstra, PT Russchen, 1985, Dispersal, germination and early establishment of halophytes and 
glycophytes on a grazed and abandoned salt marsh gradient. New Phytologist 101: 291-308 
4. Bressan RA, PM Hasegawa, JM Pardo, 1998, Plants use calcium to resolve salt stress. Trends in Plant Science 
3: 411-412 
5. Boscaiu M, E Estrelles, P Soriano, O Vicente, 2005, Effects of salt stress on the reproductive biology of the 
halophyte Plantago crassifolia. Biologia Plantarum 49: 141-143 
6. Delauney AJ, DP Verma, 1993, Proline biosynthesis and osmoregulation in plants. The Plant Journal 4: 215-
223ICLE IN PRESS 
7. Erdei L, PJC Kuiper, 1979, The effect of salinity on growth, cation content, Na+ uptake and translocation in 
salt-sensitive and salt-tolerant Plantago species. Physiologia Plantarum 47: 95-99 
8. Flowers TJ, MA Hajibagheri, NJW Clipson, 1986, Halophytes. The Quarterly Review of Biology 61: 313-335 
9. Flowers TJ, PF Troke, AR Yeo, 1977, The mechanism of salt tolerance in halophytes. Annual Review of Plant 
Physiology 28: 89-121 
10. Greenway H, R Munns, 1980, Mechanisms of salt tolerance in nonhalophytes. Annual Review of Plant 
Physiology 31: 149-190 
11. Gulzar S, MA Khan, 2001, Seed germination of a halophytic grass Aeluropus lagopoides. Annals of Botany 
87: 319-324 
12. Hare PD, WA Cress, J Van Standen, 1998, Dissecting the roles of osmolyte accumulation during stress. 
Plant, Cell and Environment 21: 535-553 
13. Jefferies RL, T Rudmik, EM Dillon, 1979, Responses of halophytes to high salinities and low water 
potentials. Plant Physiology 64: 989-994 
14. Keiffer CH, IA Ungar, 1997, The effect of extended exposure to hypersaline conditions on the germination 
of five inland halophyte species. American Journal of Botany 84: 104-111 
15. Khan MA, IA Ungar, 1984, The effect of salinity and temperatures on the germination of polymorphic seeds 
and growth of Atriplex triangularis Willd. American Journal of Botany 71: 481-489 
16. Khan MA, IA Ungar, AM Showalter, 2000, The effect of salinity on the growth, water status, and ion content 
of a leaf of a succulent perennial halophyte, Suaeda fruticosa (L.) Forssk. Journal of Arid Environments 
45: 73-84 
17. Königshofer H, 1983, Changes in ion composition and hexitol content of different Plantago species under 
the influence of salt stress. Plant and Soil 72: 289-296 
18. McCue KF, AD Hanson, 1990, Drought and salt tolerance: towards understanding and application. Trends in 
Biotechnology 8: 358-362 
19. Pujol J, A Calvo, L Ramírez-Díaz, 2000, Recovery of germination from different osmotic conditions by four 
halophytes from southern Spain. Annals of Botany 85: 279-286 
20. Rengel Z, 1992, The role of calcium in salt toxicity. Plant, Cell and Environment 15: 625-632 
21. Sanders D, 2000, The salty tale of Arabidopsis. Current Biology 10: R486-R488 
22. Serrano R, 1996, Salt tolerance in plants and microorganisms: toxicity targets and defence responses. 
International Review of Cytology 165: 1-52 
23. Serrano R, R Gaxiola, 1994, Microbial models and salt stress tolerance in plants. Critical Reviews in Plant 
Sciences 13: 121-138 
24. Vicente O, M Boscaiu, MA Naranjo, E Estrelles, JM Bellés, P Soriano, 2004, Responses to salt stress in the 
halophyte Plantago crassifolia (Plantaginaceae). Journal of Arid Environments 58: 463-481 
25. Zhu JK, 2000, Genetic analysis of plant salt tolerance using Arabidopsis. Plant Physiology 124: 941-948 
26. Zhu JK, 2001, Plant salt tolerance. Trends in Plant Science 6: 66-71 
